Many applications require charge neutralisation of isolated test bodies and this has been successfully done using photoelectric emission from surfaces which are electrically benign (gold) or superconducting (niobium). Gold surfaces nominally have a high work function (∼ 5.1 eV) which should require deep UV photons for photoemission. In practice it has been found that it can be achieved with somewhat lower energy photons with indicative work functions of (4.1 − 4.3 eV). A detailed working understanding of the process is lacking and this work reports on a study of the photoelectric emission properties of 4.6 × 4.6 cm 2 gold plated surfaces, representative of those used in typical satellite applications with a film thickness of 800 nm, and measured surface roughnesses between 7 and 340 nm. Various UV sources with photon energies from 4.8 to 6.2 eV and power outputs from 1 nW to 1000 nW, illuminated a ∼ 0.3 cm 2 of the central surface region at angles of incidence from 0 to 60
I. INTRODUCTION
are weakly bonded and evaporate rapidly in vacuum (∼ µs) leaving only the more resilient chemisorbed monolayer, which can only be fully removed by a high-temperature bake out.
O'Hanlon
22 suggests that a temperature as high as ∼ 250
• C is required, whereas 19 noted that most could be removed at ∼ 150
• C and derived a desorption energy of ∼ 25 kcal/mol for freshly deposited water on a clean gold surface cleaved in vacuum. However, it was subsequently noted that air-contaminated gold surfaces were stable as photoelectron emitters for relatively long periods of time (∼ 4 − 5 weeks) 23, 24 but with a substantial initial decline in the quantum yield over the first 2 − 3 weeks 24 . The initial decline was attributed to the possible growth of a contaminant layer in vacuum which could give additional polar species and/or impede the escape of the photoelectrons. Here we report on measurements done over timescales of months to years which adds hitherto unseen phenomenologies to the behaviour.
However, the basic scenario involving a polar monolayer is retained and the consequences are investigated in terms of design drivers relevant to any long duration practical application of the effect for charge control. The design drivers are:-1. Quantum yield as a function of photon energy, differentiating between extrinsic and intrinsic quantum yields, QY ext and QY int , defined as emitted photoelectrons per incident photon and per absorbed photon respectively.
2. The energy distribution of the photoelectrons, which impacts their transport within electric fields.
3. The dependence of QY ext on angle of incidence. This must be known in order to model the process as the photons scatter around from surface to surface.
4. The dependence of QY ext on surface finish, as surfaces used might be of different quality.
5. The evolution of QY ext and φ over long periods in vacuum, including the likely effects of prior surface preparations, such as cleaning, storage and bake-out.
A. Quantum yield
Consider a small area element, dxdy, of a surface illuminated at normal incidence with photons of energy, hν. The photocurrent, dI pe , assuming a linear density of states below the Fermi energy, is expected to be 25 dI pe = kN ν (x, y)dν (hν − φ(x, y)) 2 (1 − R(ν))p esc dxdy
where k is a constant, N ν (x, y)dν is the incident photon spectral number density, which is taken to have a spatial profile, and work function φ(x, y) is allowed to be position dependent, R(ν) is the normal incidence reflectivity, and p esc is the photoelectron escape factor from the surface. For illumination at an angle, α, both the reflectivity and the escape factor will be modified and the equation becomes dI pe = kN ν (x, y, α) (hν − φ(x, y)) 2 (1 − R(ν, α))p esc (α)dνdαdxdy (2) The total photocurrent is then
where the integration must be done over the whole surface illuminated area, over the whole spectrum of the UV light source, and over the incoming angle of incidence range. The extrinsic quantum yield is then
Assuming each photon only impacts the surface once, the intrinsic quantum yield is then
where R average is the reflectivity averaged over the incoming photon energy spectrum, polarisation and angle of incidence. A typical normal incidence reflectivity from a thin gold film in the UV range studied here, is ∼ 35 %. 26, 27 There is a slow increase up to ∼ 40 % at 60 o incidence 28 .
A number of compact UV light source technologies are now available for space use.
These include low-pressure Hg discharge lamps as used on ROSAT 29 , GP-B 1 and LISA Pathfinder 30 , and various deep UV light emitting diodes (LEDs) 6, 7, [31] [32] [33] . Of particular interest is that some of the new LEDs 31-33 offer spectra with photons of higher energy than the nominal gold work function of 5.1 eV. In addition the LED sources emit a broader spectrum than the Hg lamps, which are essentially atomic line sources. Hence equation 4 must be integrated over the source photon energy spectrum. However, the reflectivity and p esc depend only weakly on photon energy in the range considered here and so
The angular dependence of the escape factor, p esc (α) is due to two effects. Increasing the angle decreases the vertical depth penetration of the UV photons into the surface. These photons have a mean-free path for absorption of p U V which is typically 13 − 12 nm for the photon energies used 34 . The sub-surface electrons released by these photons will then have less distance to travel before escaping. The inelastic mean-free path, IMFP, of these low-energy electrons is typically λ s = 8 − 5 nm 35 . The escape factor is then
QY int increases with increasing incidence angle due to this escape factor. The ratio of p U V /λ s is of order 1 to 2. At our largest reference angle of 60 o the enhancement has a maximum value of 1.6 and 95% of the photoelectrons originate from within 10 nm of the surface.
B. Energy distribution of emitted electrons
For a given energy photon, the energy spectrum of emitted electrons will, in principle, start at zero energy and extend up to a maximum determined by the difference between the photon energy and the work function. The basic shape of the energy distribution will be governed by the densities of state within the occupied valence band, from which electrons are extracted and the largely unoccupied conduction band into which the electrons are lifted.
This basic starting shape will be modified away from the ideal zero temperature distribution by thermal broadening (∼20 meV at room temperature). Once liberated, the electrons then need to migrate to the surface and this process is characterised by the inelastic scattering mean free path (IMFP), λ s , 35 which will degrade the emitted electron energy spectrum. On reaching the surface the electron escape probability will be dependent on the electron energy including possible quantum tunnelling effects 36 . Finally, any finite spectral line width from the UV illumination source will cause additional broadening. These effects will be discussed further when the results of the test campaign are presented in section IV.
C. Angular distribution of emitted electrons
Since the photon energy is comparable to the work function of the gold surface, the angular distribution of emitted electrons can be described by a cosine function, as shown by
Pei and Berglund 37 .
I e (β) = I e0 cos β
Here β is the emission angle relative to the normal. Knowing this angular distribution can be important in assessing the effectiveness of applied electric fields to control the electron transport in some applications 15, 28 .
D. Work function variation
Equation 6 assumes a surface with a uniform work function over the whole of the illuminated region. If instead the surface had a patchy covering of adsorbents, i, then the intrinsic quantum yield would be
where A i is the area affected by adsorbent i and φ i is the work function for that particular species. The first term allows for the presence of uncontaminated gold.
One of the original motivations for this study was to test this possibility, as an argument for using very short wavelength UV to mitigate the uncertainties from poorly controlled surface adsorbents by making the first term dominant.
III. EXPERIMENTAL METHOD
This work was part of a wider investigation, initially funded by the European Space Agency (ESA), into charge management for its L3 gravitational wave mission. Key elements were studying new UV light sources 32, 33 , numerical modelling and carring out representative discharge measurements. The numerical modelling was to follow UV photons as they scatter around inside a complex geometry, photoelectron production from a number of segmented surfaces, and tracking the subsequent drift of the electrons within applied ac electric fields present. 
A. Test Surfaces
A set of three 46 mm square surfaces were defined. Copper substrates, 5 mm thick, were procured commercially 38 to three surface roughness specifications typical of those present in a real flight instrument. After supply they were inspected and characterized for surface finish.
Gold coating, to the LISAPF specification, was applied commercially 39 and the surfaces were kept in clean, sealed conditions until use. Table I shows the specifications and the measured roughness parameter, R a , over the area to be illuminated by the UV. Surface roughness was measured prior to coating to minimise handling of the coated samples. Connections for the surfaces were via two metal contact pins located into the rear surface. Prior to coating substrates were cleaned in an ultrasound bath using Citranox 40 , rinsed in water, with a second ultrasound in warm ethanol, after which they were held vertically whilst the ethanol evaporated leaving a stain and residue-free surface. After cleaning the substrates were mounted into individual sealable aluminium containers, and inspected under black-light for particle contamination. The containers were then closed, flushed with dry nitrogen gas and sealed. At the coating supplier 50 nm titanium and 800 nm of gold were applied to the each substrate as well as onto a quartz witness plate. The surfaces were returned to the transport containers which were sealed in evacuated bags. On receipt the first samples were photographed under strong white light. Figure 1 shows the mid-roughness sample, MTK200-01, where some residual machining markings on the substrate can be seen.
Any particle contamination was easily removed at first inspection. 
B. Vacuum Test Rig
A jig, which could hold a surface with fibre optic cable feeds to provide illumination at a range of fixed angles as shown in figure 2 (left), was installed into an oil-free vacuum chamber with a base-vacuum of < 10 −7 mbar. The fibre optic cables were brought out through fixed vacuum interfaces and a range of external UV light sources could be used.
A collecting electrode above the surface with programmable bias allowed the photoelectron energy distribution and QY ext to be obtained from measurement of the total drain current from the surface. UV light was fed from the source to the internal measurement setup (shown in Figure 2 (right)) by UV fibre optics. The light was injected onto the surfaces using a collimating optic (Avantes COL UV/VIS). The setup allowed measurements at three angles of incidence (0
• ) which were preset prior to closing the vacuum system. The current between surface and the collecting grid was measured using an electrometer (Keithley 6514) with a pulsed UV source and phase sensitive demodulation to enhance the sensitivity. A second capture grid was used to trap electrons emitted from the C. Calibrated UV light sources Table II gives details of the UV light sources used which included three UV LEDs, a low-pressure Hg discharge lamp of the type used on LISAPF, and a broadband deuterium lamp together with a UV Spectrometer/Monochromator.
D. Sequence of Measurements
Measurements were split into two phases with a long gap between them. During Phase 1 the surfaces were characterised for their detailed behaviour under different UV illumination schemes. During Phase 2 some longer term stability studies were made.
Phase 1
Phase 1 was focused on checking the basic properties of the physical model. The first sample was MKT200-01 and this was installed and the tests shown in Table III were carried out in the sequence shown over a 4-week period. Not shown for clarity were Hg lamp ref- erence measurements at α = 0
• done repeatedly throughout the period. All measurements included a full scan of bias voltages. Once these were completed the chamber was opened and the second surface installed (MKT010-01). A slightly extended sequence of measurements was done over the same time period. Finally the third surface, MKT800-01, was installed and measured. The yield was seen to be time-dependent for all three surfaces and hence the sequencing and time locations were kept as similar as possible to allow useful comparisons. Having said that, some building works outside of our control did impact on the final surface campaign timing. Although this was undesirable it did actually provide some useful diagnostic information. After the nominal phase 1 campaign with MTK800-01 was completed the surface was monitored over a long extended time period, for the first time for this type of measurement, to look for longer term changes. A liquid nitrogen cold plate was used towards the end of that period to look for any effect following a reduction in the partial pressure of water vapour in the system. Subsequent to these measurements a second period of investigations was undertaken to follow-up on the long-term evolution of the quantum yield and work function results in vacuum.
The sequence of tests outlined in table III were designed to a) measure the quantum yield of the surfaces using the different UVLED devices, b) probe the photoelectron energy distribution by varying the bias potentials, c) test the dependence on the angle of incidence, d) test the effect of surface roughness, and e) test the effect of wavelength on quantum yield.
Phase 2
During phase 2 the quantum yield and work function were measured over several weeks for a number of surfaces to further investigate the time dependent behaviours seen in phase 1. These measurements were done on the same surfaces from phase 1, but with up to 3 years time interval, and also on some unused surfaces produced as part of the initial batch.
In addition the effects of some surface preparations and in vacuum bake-out procedures were investigated. In total eight long duration investigations of the time evolution were carried out as detailed in table IV. The first three of these were during phase 1. The first measurement in phase 2 showed no detectable emission and was terminated after just 4 days.
All measurements in phase 2 were done using UV illumination from the CIS250 LED.
IV. TEST CAMPAIGN MEASUREMENTS
An example of a typical collector grid bias voltage scan is shown in figure 3 . The bias voltage is applied to the collector grid. The photoemission current, expressed as a quantum yield, is the red curve, and its differential is the blue curve. At -1 V bias most of the photoelectrons being emitted are being repelled back. The small residual photocurrent is due to reflected UV reaching the collector grid itself giving a reverse photocurrent. As the bias is made more positive the photocurrent from the surface begins to increase and reaches 
A. Phase 1 -Physics Model Validation
Figure 4 (left) shows the time sequencing of saturated QY ext measurements for the first surface tested, MTK200-01. Most measurements were done using the Hg lamp as a reference.
The figure shows two sets of data taken with the three LED types.
The time decay in the results was the first time this had been explicitly observed in such a clear way, and had two consequences for the subsequent phase 1 test campaign. Firstly, it complicated the comparative data analysis and for this reason the campaign was extended until a stable behaviour was seen, after which the final definitive measurements were done.
Secondly, the other two phase 1 surface campaigns were then made as similar as possible given other logistical constraints. The decay could, in principle, be consistent with an effective work function increase as physisorbed polar layers (e.g. water) are outgassed from the surface 19 , but the time constant is too long. 22 The change in work function needed would be ∼ 0.2 eV (4%) which would have been measurable, but which was not seen (see Section IV B), although others have in rather (Right) Saturation QY ext measurements at normal incidence from MTK010-01, MTK200-01 and MTK800-01 using a Hg lamp. different circumstances 24 . A similar decay behaviour is seen for MTK800-01 at times of 0.8 × 10 6 and ∼ 2 × 10 6 s when the vacuum integrity had been compromised by unplanned power outages resulting in loss of vacuum. Section IV B returns to this discussion.
Comparison reference measurements using the Hg lamp

Photoelectron energy distribution and work function determination
The detailed shape of the differential blue curve in 2. The width of the distribution does not change obviously at different angles of incidence.
3. The relative shapes of the curves at different angles of incidence are comparable across the three different surfaces.
4. The position of the distribution shifts between surfaces, moving to higher collector potentials over the course of the measurement campaign.
FIG. 5.
Left: Differential scans from all surfaces at three angles of incidence using SET240 illumination. Right: Fits to the SET240 data from MTK010-01 using simple triangular functions.
A simplified fitting function was applied to the distributions shown in Figure 5 Fits have been done for all measurements taken during phase 1, and the mean effective work function and its standard deviation are shown in Table V for each surface. An effective work function of 4.4 eV is not dissimilar to results from many previous measurements on a variety of gold surfaces done within the LISA Pathfinder campaign and had been tentatively ascribed to water on the surfaces reducing the work function.
24,41
Effect of surface roughness
The effect of surface roughness is not significant as can be seen from the normal incidence data using the LED UV sources from the three surfaces of different roughness shown in Figure 6 (left) . Although there is a difference between the surfaces it is not clearly ordered by roughness. Compilation of all data at different angles of incidence and using different wavelengths shows a dispersion of <10% confirming that surface roughness is not a significant parameter in terms of photoelectric yield. Theoretically a small effect is predicted whereby multiple scattering can increase the extrinsic yield from very rough surfaces and Figure 6 (left) seems to show a small effect within the normal incidence data. However, the smallness of the effect does not mean it is inconsequential for discharging itself as the angular distribution of photon scattering still plays a role. 
Variation as a function of wavelength
To obtain a wider range of wavelengths with narrower linewidths than could be obtained from the UV LEDs this measurement was performed with a deuterium lamp and monochromator on MTK010-01. The wavelength range covered was extended in both directions to provide more leverage on the physics and to explore the possible benefits of further development of laser diodes to shorter wavelengths. The results are shown in Figure 6 (right).
The shorter wavelength data have been corrected for fibre absorption. Data from the UV LEDs are fully consistent with Figure 6 (right) once the spectral outputs have been properly integrated over their extended emission ranges which lie between 4.8 and 5.1 eV
The following observations are made:
• A smoothly increasing function with a QY ext of 225 ppm at 6.2 eV.
• There is no obvious discontinuity at the nominal gold work-function energy (5.1 eV).
This argues against any exposed gold surface, providing a new significant source of photoelectrons.
• The yield goes to zero at ∼4.5 eV
• The fit gives a more accurate determination of the work function of MTK010-01.
• There is no evidence for significant patchiness in the work-function (which would broaden the measured distribution of the density of states).
UV LED data were taken from all surfaces allowing a comparison of the work function for each surface using this method. The combined results are contained in 
Variation as a function of angle of incidence
The enhancement factor in QY int due to the angle of incidence for MTK800-01 is shown in Figure 7 for all 3 UV LED wavelengths. These data have been corrected for the reflectivity and reference photodiode response. QY int is seen to increase in going to higher angles of incidence. This is true for all 9 data sets (3 wavelengths for 3 surface roughnesses).
FIG. 7.
QY int as a function of angle of incidence for MTK800-01. The data have been corrected for an angular dependence in the reference photodiode readout and surface reflectivity. The dashed curve is a fit of the form given by equation 7
Using Figure 7 , the functional form of the increase from 0
• to 60
• is well determined and a compilation of values from all surfaces is given in Table VII . The increase is a combination of greater reflectivity (lowering QY ext ) and shallower UV penetration with easier escape of the photoelectrons (increasing QY int and QY ext ) as described earlier.
The mean enhancement factor at 60 o is compatible with the largest values expected from equation 7 but does not have enough fidelity to define the ratio p/λ s to better than between 1 and 4. 
B. Phase 2 -Long Term Variations
Quantum Yield and Work Function Variations
Figure 4 (right) shows the first look at stability in QY ext obtained during phase 1. The starting yields, reduction factor and decay time constants are not dissimilar to those seen previously. 24 The overall time coverage of the measurements is also similar. However, the observation of the behaviour of MTK800-01 on accidental multiple short exposures to air was unexpected and not consistent with prior suggestions that additional contamination was likely responsible for the reductions in yield happening after the samples are placed in vacuum. The data from this work show that the yield is restored on re-exposure to air very quickly and that the subsequent reduction starts anew with approximately the same time constant. The time constant is roughly 7 days implying an activation energy ∼ 1.1 eV for any thermally induced relaxation. This is not dissimilar to the assumed desorption energy of the last water monolayer 19 but loss of that should continue until there was no further yield at all from the UV sources with photon energies below the nominal gold work function.
During phase 1, work function measurements were not made frequently enough to track its evolution through the initial decay period or with sufficient fidelity to see the required ∼ 0.2 eV increase in its value to explain the variation. The measurements quoted earlier for the work function derive mainly from measurements done after the yield had stabilised and these are similar to other results 19, 23, 24, 36 .
Following phase 1, funded by ESA, there was a long break, due to intense activity with LISA Pathfinder ground activities, launch and mission operations. During that period MTK800-01, had remained in the vacuum chamber, but not in a controlled vacuum.
It was some 27 months later that another QY ext measurement was done on MTK800-01 using CIS250 at normal incidence. The photocurrent was unmeasurable (< 0.05 fA) and remained so for a number of days in vacuum (Run 4 in table IV) . Surface MTK010-01 was then re-cleaned and measured over a period of 10 weeks (Run 5). The result is shown in figure 8 . Once again there is a long time constant before a stable state is reached, but this time the yield increases from a low value. Recalling figure 4 (right)
it can be seen that the time constant is longer (∼ 17 days) but that the asymptotic value is similar even though it is approached from below. This behaviour is clearly no longer consistent with the notion of vacuum evaporation of either physisorbed or chemisorbed water layers causing the initial change in yield. Neither is the fact that the work function measurements show very little change whilst the quantum yield changes by a factor of 5.
Such a large increase would have required a ∼ 70% reduction in work function, which is not seen. It is also evident that the quantum yield increase is not caused by the UV photons themselves as the increase is continuing through periods (weekends) when no measurements were done. The work function measured is ∼ 4.1 eV which is significantly different from those in table V suggesting that the enabling (polar) surface adsorbent is not water in this case. The cleaning procedure used was the same as that used before the initial measurements on the same surface leading to the results of figure 4 (right) and table V. The difference being that this surface had been exposed to an air environment for some 27 months between the measurements, giving the opportunity for new surface adsorbents. The surface was then removed from the chamber and put into clean storage in air for several days. Measurements made over the next two days (not shown on the plot) showed a dramatic initial reduction in QY ext but with a faster recovery time constant than before. This is reminiscent of the unplanned observation with MTK800-01, seen in figure 4 (right) when, on two occasions, the vacuum integrity was compromised. Both times the immediate effect was to instantaneously increase the quantum yield back towards its starting value from where the long time-constant decline continued once the vacuum was re-established. The fact that the effect seen for both surfaces was to reset back towards the initial starting quantum yield value, which was high in one case and low in the other suggests that this is not immediately associated with the air-borne concentrations of the particular active adsorbents but may be more to do with disturbing equilibrium distributions in vacuum. Up to this point none of the surfaces had been through any bake-out procedure. So for run 6 a thin film heater was attached to the underside of the unresponsive MTK800-01
and it was reinstalled into the vacuum chamber. The initial, pre-bake, data still showed no measurable yield until the surface had been in vacuum for nearly 7 days, when a result of 2 × 10 −7 e/photon was then achieved and this is taken as the starting condition. Over the next 60 days the surface was put through four bake-out cycles to ∼ 115 o C. The results are shown in figure 9 . The first bake-out lasted 24 hrs and the surface was allowed to cool back to room temperature before the a measurement the next day gave a yield close to −5 e/photon. The yield then partially relaxed back down by ∼ 30% over then 12 days. The next three heating cycles each lasted 48 hours and produced increases in yield followed by partial relaxations. After the four cycles shown the final equilibrium value is settling down to ∼15ppm which is very similar to the equilibrium value for the same surface shown in figure 4 (right). Figure 9 also shows how the work function evolved during the five heating episodes. Each heating period lasted a few days and was at a temperature of ∼ 115 o C.
After each heating period the quantum yield shows a long time-constant decline which is reminiscent of the behaviour of other, non-heated surfaces. By contrast with the other work function measurements a trend is seen with a decline of about 0.25eV, which is consistent with the overall trend in the quantum yield increase, as indicated by the green line. The data are not of sufficient quality to track whether this anti-correlation holds throughout or whether it is purely associated with the heating periods. The fact that there is a sufficient (anti-)correlation between quantum yield and work function suggests that the first heating has removed the bulk of the 'contamination' which was suppressing the emission. After that, the active area remains constant but there is further reduction in work function as less tightly bound adsorbents are removed. The relaxation periods between each heating cycle suggests that the heating does indeed disturb the equilibrium distribution of molecular attachments and that these then relax back towards equilibrium with a time constant similar to that shown for the other studies.
For run 7 an unused surface, MTK010-02, was recovered from its original sealed (under dry N 2 ) delivery packaging in which it had been for 3 years. It was placed into vacuum without cleaning and within a few minutes to avoid undue exposure to air and to obtain early measurements of the time evolution. Figure 10 shows the results. Ignoring the initial low measurement taken whilst the chamber pressure was still relatively high, it can be seen that this surface is behaving much like the original surfaces shown in figure 4 (right) except that the yield is a factor of a few higher. In order to investigate the first low measurement point, and one at around 7.5 days, which was taken at the time of a power outage, the effect of the vacuum environment has been explored by controlling the chamber pressure. The results are shown in the figure 10 (bottom) over a 10 week period. It can be seen that the very first measurement was taken whilst the chamber was in its initial pump down cycle.
The effect of the power outage can also be seen. However, the general correlation between the chamber pressure itself and quantum yield is not strong. After the initial decline the QY ext for this surface is fairly stable at ∼ 45ppm. During the initial decline of the quantum yield, which lasts ≈ 10 days for this sample, the measured work function is constant with a value ∼ 4.35 eV, which is consistent with that measured for the first three samples (and also with that expected for a monolayer of water 19 ). However it is clear from these data that the work function is not changing in a way that would explain the decline. This is illustrated by the green curve plotted on the left figure. The necessary increase in work function is ∼ 0.15eV. However, the work function is constant, implying the change in the yield comes from a change in the fraction of active area. At around 19.5 days the pressure in the vacuum chamber was increased, by throttling the vacuum pumping speed. There is a clear coincident reduction in the work function down to ∼ 4.15 eV. Between 20 and 28 days there is a small, but systematic, increase in the quantum yield by about 20% which looks to be associated with the work function decrease. However, if the work function had changed by such a large amount over the whole active emitting surface then equation 9 predicts an increase closer to a factor of 2. Hence the implication is that whilst some new (polar) adsorbent has lowered the work function there has also been a non-emissive (non-polar) contaminant which has reduced the effective active area. Between 28 and 35 days there is some complex behaviour in the quantum yield data as the vacuum conditions became more uncertain (probably due to automatic switching between pressure gauges). There is a hint of a rapid quantum yield change at ∼ 29 days followed by a recovering between 30 and 38 days. However after 38 days, as the vacuum is re-established, the quantum yield settles down into its equilibrium value, which is only slightly lower than its value around 15 days, but the work function remains at its lower value. This confirms that the large work function decrease is not due to additional physisorbed water layers, as seen by 19 , as this effect would have been reversible.
Following the result from run 7, implying that MTK010-02 was now contaminated, a heater was attached to it to see if any 'cleaning' could be effected by bake-out in vacuum.
The initial QY ext measurements, once reinstalled into vacuum for run 8, were within a factor of 2 of those measured before removal from vacuum, and the work function measurements were consistent. The surface was then subjected to a prolonged heating/bake-out campaign at progressively higher temperatures from ∼ 150
The yield showed some ∼ 30% variation, but not with any overall trend. The work function rapidly settled down to ∼ 4.0 eV and then remained constant. These results are shown in Figure 11 . The bake-out did not restore the work function to ∼ 4.3 eV, so it appears that whatever contaminant was present, and was responsible for the photoelectric emission, was non-volatile.
For the final run 9, a fresh, unused, surface, MTK010-03, was installed with an attached heater into the vacuum. Its initial yield, before any bake-out was high (∼ 65ppm) and declined by some 17% over the first 3 days. At this point the first bake was done at 130
Over the course of the next 20 days the surface was baked almost continuously at 130
• C and then 200
• C. The yield showed no obvious response to the high-temperature and continued to decline down to ∼ 45% of its original value, whilst the work function remained stable at ∼ 4.16 eV, although the results were more scattered than usual, with a single high result close to 4.3. These results are shown in Figure 12 . There was no post-bake 'recovery' in the yield. 
V. DISCUSSION AND APPLICATION
A comprehensive investigation into the practical behaviour of the photoelectric response of large area gold surfaces under UV illumination has been completed. The first motivation was to consolidate our understanding of the empirical behaviour to enable accurate similations of how the process will effect the discharging of isolated proof-masses within metallic 
Time evolution in quantum yield and work function
Important aspects from this study are the unexpected long-term time constants in the evolution of the quantum yield, the associated work function behaviour and the efficacy of surface treatments. Although, it had been anticipated that physisorbed layers, (known to reduce the work function to ∼ 3.9 eV) would be lost through vacuum desorption, the expected timescale is relatively short and incompatible with time dependencies seen in quantum yield, and, more crucially, incompatible with work function behaviours seen in this work. In all but one case no changes in work function were seen and hence the evolutionary process figure 9 where the bake-out cycles were needed to restore QY ext , it does not explain the relaxation in yield after each cycle. Similarly, whilst (a) might explain figure 4
(right), it will not explain figure 8 where there is a recovery in yield without any bake-out.
(c) is motivated because the attachment of water on a gold surface has many subtleties and can be affected by other species, such as oxygen 43 , or other contaminants 44 . There are multiple stable orientations for the first layer water molecules and preferred sites depending on the crystal planes available. 45 The orientation (and presumably site location) can change, 'hydrogen down'. 45 Wells notes 19 that the 'oxygen downward orientation' gives the 'positive outward dipole' required to lower the work function. Hence a water molecule migrating from 'hydrogen up' to 'hydrogen down' becomes inactive as a mediator for photoelectric emission. At room temperature there will be some equilibrium distribution of attachment orientations/sites which will leave some fraction of the surface area active in photoelectric emission. Any process, such as exposure to air or bake-out, which disturbs the distribution away from equilibrium would be followed by a subsequent relaxation, and this could be in either direction depending on the non-equilibrium starting state. However, the binding energies (and their differences) are not compatible with thermal relaxation with the time constant(s) seen in this study. They are also lower than previously found for the chemisorbed water monolayer of ∼ 25 kcal/mol or ∼ 1 eV. Indeed, even the higher binding energy for the chemisorbed monolayer is too low to explain the observed time constants, as the associated desorption time is ∼ few hours. To avoid complete loss of the monolayer it must be replen- The data shown in Figures 8, 9 , 10, 11 and 12 show significantly different final work functions to that expected for a water monolayer. A lower work function can be explained by a thin film of contamination, which has either a larger internal polar dipole moment or less internal scattering causing the escaping electrons to loose energy. The significant QY ext increase in Figure 8 , without any decrease in work function could be due to desorption in vacuum at room temperature of a second contaminant species gradually exposing the emissive underlying surface. Figure 9 shows a surface which started out in a very heavily contaminated condition with no detectable emission. With successive heating cycles the surface becomes more and more emissive, and the work function decreases from a high value down to ∼ 4.2 eV, in a way which explains the overall increasing trend in the QY ext . However, periods are seen after each heating which show some 'relaxation' very similar to that seen in the clean samples. This could suggest that partial depletion in the water monolayer coverage and/or redistribution of the attached water molecule orientation distribution is being seen, together with progressive removal of a volatile contaminant layer. In Figure 10 there is an abrupt change in the work function presumably due to the real-time deposit of a non-volatile thin film contamination, as the vacuum integrity is compromised. It remains in place despite subsequent baking to ∼ 200 • C. • C e Recovery using bake-out periods f In between bake-out periods B. Surface production Surfaces have been produced using commercial supply stages which, from the point of view of an application on LISA, have shown sufficiently reliable and consistent quantum yields and work functions without the need for any extreme post-manufacturing or pre-use cleaning measures. Clean conditions do need to be maintained and controlled to avoid excessive non-volatile hydrocarbon contamination in particular, although our results suggest some adventitious carbon deposits are inevitable 20 . These can be very tightly bound (∼ 280 eV, and hence resilient to bake-out, and can themselves assist the sub-threshold photoelectric emission. All surfaces investigated have shown stable long-term quantum yields at similar levels and it has been shown that recovery from non-emissive (contaminated) conditions back to nominal levels can be achieved relatively easily. The LISA Pathfinder experience shows surfaces can remain stable and emissive over year timescales 17 .
Caution is needed in producing reliable surfaces, especially for long term use in space. 
C. Light sources
The behaviour observed has been fully compliant with the simple expectation of equation 6. This implies there is no specific reason to favour shorter wavelength light from the point of view of contamination. Hence the light source selection should be driven by other constraints and requirements derived from the specific mission application 32, 33 . 
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